The phase behavior of binary blends of dimethylpolycarbonate-tetramethyl polycarbonate (DMPC-TMPC) copolycarbonates and styrene-acrylonitrile (SAN) copolymers has been examined and then compared with that of DMPC/TMPC/SAN ternary blends having the same chemical components and compositions except that the DMPC and TMPC were present in the form of homopolymers. Both binary and ternary blends were miscible at certain blends compositions, and the miscible blends showed the LCST-type phase behavior or did not phase separated until thermal degradation temperature. The miscible region of binary blends is wider than that of the corresponding ternary blends. Furthermore, the phase-separation temperatures of miscible binary blends are higher than those of miscible ternary blends at the same chemical compositions. To explain the destabilization of polymer mixture with the increase of the number of component, interaction energies of binary pairs involved in these blends were calculated from the phase separation temperatures using lattice-fluid theory and then the phase stability conditions for the polymer mixture was analyzed with volume fluctuation thermodynamics.
Introduction
Successful design of polymer blend systems requires the ability to control or manipulate the phase behavior of the mixture. When homopolymer/homopolymer blend is not immiscible, a new miscible blend involving immiscible binary pair often produced via two different routes; Blending of a homopolymer with copolymer that composed of binary pair having strong intramolecular repulsion is known a useful route to prepare a miscible blend. [1] [2] [3] [4] [5] [6] [7] [8] The other way preparing miscible blend is the homogenization of two immiscible polymers by adding a third polymer that is miscible with each component. [9] [10] [11] [12] [13] [14] [15] [16] [17] According to the binary interaction model, [1] [2] [3] the former method might be a useful route in developing miscible blends. In the previous researches, various miscible blends have been developed via copolymerization. [4] [5] [6] [7] [8] The latter method also often used to develop a new miscible blend. However, this method was not successful in developing a new miscible blend unless the third component that is miscible with each component of blend is major component in blend. [9] [10] [11] [12] [13] [14] [15] [16] [17] In this study, we have explored why the latter method could not be useful route in developing miscible blend in contrast with the former method. Binary blends and ternary blends composed of tetramethyl bisphenol-A polycarbonate (TMPC), dimethyl bisphenol-A polycarbonate (DMPC), and poly(styrene-co-acrylonitrile) copolymer (SAN) were explored as a sample system. To prepare binary blend containing three polymers, the synthesized DMPC-TMPC copolycarbonates were blended with SAN copolymers. Ternary blends having the same chemical component and composition with binary blends also prepared to compare their miscibility with that of binary blend. The quantitative information about interaction energies of binary pairs involved in blends is required in understanding phase behavior of blends. Interaction energies of binary pairs involved in the binary blends and ternary blends were calculated from the phase separation temperatures using the lattice-fluid theory [18] [19] [20] [21] [22] [23] combined with binary interaction model and then the phase stability of polymer mixture was analyzed with volume fluctuation thermodynamics. 15, 18 Experimental DMPC, TMPC, and DMPC-TMPC copolycarbonates were synthesized in our laboratory. Bisphenol monomers were reacted with bis(trichloromethyl) carbonate, triphosgen, to produce the polycarbonates using an interfacial polymerization technique. 24 The interfacial polymerization used triethylamine as a phase transfer agent to transport salts from the aqueous phase into the organic phase where reaction with the soluble organic species occurs. The resulting polycarbonates dissolved in methylene chloride, were precipitated with methanol. Some of the SAN copolymers were obtained from external sources while remainder were synthesized. The synthesis of SAN copolymer was performed in bulk at 70 o C with AIBN as an initiator and tri-dodecyl mercaptan as a chain transfer agent. Conversion for the synthesis of copolymers was kept about 10% to avoid composition drift. Molecular weight information of copolymers was obtained using GPC calibrated with polystyrene standards. The monomer content of the copolymers was determined by element analysis and H-NMR. Homopolymers and copolymers used in this study were listed in Table I . The numerical part of the code for copolymers indicates the weight percent of dimethylbisphenol-A monomer or that of AN.
Blends were prepared via solution casting from methylene chloride. The casting solutions were at 35 o C for a day in an air circulating oven until most of the solvent had evaporated, and then the resulting films were further dried in a vacuum oven for a week. Glass transition temperatures was examined a differential scanning calorimeter (DSC, TA instrument, model DSC-2010) at a scanning rate of 20 o C/min. The temperature at which phase separation caused by lower critical solution temperature, LCST, was measured by an annealing technique to access the closest true equilibrium temperature. 6, [25] [26] [27] Results and Discussion Phase Behavior of Binary Blends. It was known that TMPC/PS blends and TMPC blends with SAN copolymers containing limited amounts of AN exhibit one-phase behavior.
4-8 TMPC blends with SAN copolymers containing modest amounts of AN show higher phase separation temperatures (LCST-type) than TMPC/PS system. However, DMPC/SAN blends were found to be immiscible regardless of AN content of SAN copolymers. When miscible blends are obtained, the interaction energy can be quantified if the mixture shows phase separation upon heating or cooling. Since DMPC/PS and DMPC/SAN blends were immiscible, DMPC-TMPC copolymers were prepared at various compositions to obtain miscible blends with SAN copolymers.
When the copolycarbonate contains 40 wt% or less DMPC, blends with PS were miscible. On the other hand, blends of PS with copolycarbonates containing 50% DMPC or more were cloudy at the casting condition and exhibited two glass transitions. Figure 1(a) shows the observed phase separation temperatures of miscible copolycarbonate/PS blends caused by LCST-type phase behavior. The effects of TMPC content Figure 1 (b) by plotting the phase separation temperature for a fixed PS content of blend (50 wt%) versus the TMPC content of the copolycarbonates. The miscibility of these copolycarbonates with PS decreases as the DMPC content increases as expected. DMPC is miscible with TMPC but is immiscible with PS. [4] [5] [6] [7] [8] 24 According to the binary interaction model, the unfavorable interaction of DMPC with PS and the favorable interaction of DMPC and TMPC both act against miscibility of the copolycarbonate with PS.
When copolycarbonates contain 50 wt% DMPC or more, binary blends of DMPC-TMPC and SAN were not miscible regardless of the AN contents of SAN copolymers. However, copolycarbonates containing 40 wt% DMPC or less were formed miscible blends with SAN copolymers containing limited amounts of AN. DMPC-TMPC 40 copolycarbonates were miscible with SAN copolymers containing 10 wt% AN or less. Some of the miscible blends observed here exhibited LCST-type phase behavior, as shown in Figure 2 . The phase separation curves are all very similar with each other showing a minimum at about 60 wt% DMPC-TMPC 40. Note that DMPC-TMPC 40 blends with SAN 5.7 copolymer did not phase separate on heating until thermal degradation temperature (~330 o C). These results indicate that addition of AN to the styrene initially increases miscibility with DMPC-TMPC but ultimately leads to immiscibility.
DMPC-TMPC 26/SAN blends were also miscible when SAN copolymers contain 10 wt% AN or less (Figure 3 ). DMPC-TMPC 26/SAN blends exhibited higher phase sepa- ration temperature than DMPC-TMPC 40/SAN blends when SAN copolymer contains the same amounts of AN. It means that the decline of DMPC content in copolycarbonates is favorable for the miscibility with SAN. DMPC-TMPC 17/ SAN blends were miscible when SAN copolymers contain less than or equal to 15 wt% AN ( Figure 4 ). As shown in Figures 1-4 , the decline of DMPC content in copolycarbonates broadens the miscible region of DMPC-TMPC/SAN blends and increases their phase separation temperatures. Note that TMPC is miscible with SAN copolymers containing 18 wt% AN. Phase Behavior of Ternary Blends. Phase behavior of ternary blends composed of DMPC, TMPC, and SAN were examined. DMPC-TMPC 40 copolymer formed miscible blends with SAN copolymers containing less than 10 wt% AN. However, DMPC/TMPC/SAN ternary blends having the same chemical compositions and components with DMPC-TMPC 40/SAN binary blends except that the DMPC and TMPC were present in the form of homopolymers were not miscible with SAN copolymers. DMPC-TMPC 26 copolymer formed miscible blends with SAN copolymers containing less than or equal to 10 wt% AN as mentioned before, while the corresponding DMPC/TMPC/SAN ternary blends were also miscible when SAN copolymers containing less than or equal to 10 wt% AN. As shown in Figure 5 for the selected DMPC-TMPC 26/ SAN = 5/5 blends and the corresponding ternary blends, phase separation temperature of binary blend is higher than that of the corresponding ternary blend.
To compare clearly phase behavior of binary blend with that of corresponding ternary blends, the miscibility map and experimentally determined phase separation temperatures for binary blends (50/50 composition) and those for corresponding ternary blends were shown in Figure 6 . The miscible region of binary blend is broader than that of ternary blend and the phase separation temperature of binary blend is higher than that of the corresponding ternary blend. The results indicate that ternary blend is always less stable than binary blend having the same chemical compositions and components. To understand the phase behavior of blends, interaction energies of binary pairs involved in the blends were calculated from the phase separation temperatures using lattice-fluid theory combined with binary interaction model and then the phase stability conditions were discussed in the next section.
Interaction Energies and Phase Stability. The detail background calculating the interaction energies involved in the miscible blends from the phase boundaries using the lattice-fluid theory combined with binary and interaction model was described in the previous papers. [6] [7] [8] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] The temperature at which phase separation caused by lower critical solution temperature, LCST, occurred, was measured by an annealing technique to access the closest true equilibrium temperature. The equation-of-state theory was adopted to avoid empirical expression in the modified Flory-Huggins theory and to clarify the reason for the LCST-type phase behavior. To extract information about interaction energy from the liquidliquid phase boundaries, it is assumed that to a good approximation these data correspond to the spinodal curve. [6] [7] [8] [25] [26] [27] The morphology of blend observed at a reported phase separation temperature could be also characterized by a high level of phase interconnectivity in both the minor and major phase caused by spinodal decomposition. According to the lattice fluid theory, the spinodal condition for a compressible binary mixture can be written (1) where g is the free energy of mixing per unit volume and the subscripts 1 and indicate partial derivatives with respect to φ 1 (volume fraction) or (reduced density). In terms of the Sanchez-Lacombe theory, the indicated derivatives for binary mixture are given by (2) (3) (4) According to the binary interaction model, the interaction energy density between the pair of multicomponent polymers i and j, i.e., ∆P * (i, j) can be expressed as
In the above, ∆P kl is the binary interaction energy density between units k and l while φ ki is the volume fraction of k unit in the polymer i. For a binary blend of copolymer i composed of units 1 (styrene) and 2 (AN) with another copolymer j composed of units 3 (DMPC) and 4 (TMPC), the interaction energy density between polymer i and j is given by (6) where φ' k and φ'' k denote volume fraction of unit k in copolymer i and j.
The characteristic parameters of each polymer evaluated from pressure-volume-temperature (PVT) data in the previ- ous researches [7] [8] 25 were listed in Table II . As shown in Figure  7 , the calculated for each DMPC-TMPC with PS using the theoretical spinodal condition, i.e., equation (1) is negative and monotonically increases with DMPC content. It means that DMPC units in copolycarbonates are unfavorable for miscibility with PS. According to the binary interaction model, the up-convex curvature stems from the favorable interaction between DMPC and TMPC. Using ∆P * TMPC-S = -0.17 cal/cm 3 obtained in the previous research 28 from the phase behavior of TMPC/PS blends, the interaction energy densities for the remaining monomer unit pairs in DMPC-TMPC/PS system were obtained by fitting the calculated values to equation (6) Table III . To examine the reliability of the interaction energy densities obtained here, the spinodal curve calculated from the equation (1) and values listed in Table III . Figure 8 showed that experimental phase separation temperatures and the spinodal curve calculated from the equation (1) According to the binary interaction model, the free energy term related to the interaction energy for binary blend and ternary blend is given by (7) (8) PC-TMPC --0.23 [8] DMPC-TMPC -0.09 -
The difference between these two is given by (9) where φ k is volume fraction of component k in blend, and φ' k and φ" k denote volume fraction of unit k in copolymer i and j. Note that 1, 2, 3, and 4 indicate styrene, acrylonitrile, TMPC, and DMPC, respectively. Since the interaction energy between TMPC and DMPC is negative, i.e.
, the term related interaction energy for the ternary blend is always smaller than that for the binary blend. It is generally expected that the greater interaction energy a mixture has, the more difficult it is to achieve phase stability. Even though interaction energy of the ternary blend is more favorable than that of binary blend, the region where ternary blends are miscible is much narrower that that of binary blends. In addition, phase separation temperatures of the miscible ternary blends are lower than those of the corresponding binary blends. To explain this abnormal observation, phase stability conditions of ternary blend examined. 15, 18 According to the volume fluctuation thermodynamics, ternary blend is miscible when the following conditions are satisfied (10) where the subscripts 1, 2, and indicate partial derivatives with respect to, φ 1 , φ 2 , or . The solid curves in Figure 6 are the calculated spinodal curves for binary blends (Figure 6(a) ) and ternary blends (Figure 6(b) ). The spinodal curve satisfies δ 2 g = 0. The miscible region of binary blends that satisfies δ 2 g*0 in equation (1) broader than that of ternary blends that satisfies δ 2 g*0 in equation (10) . Binary blend is always miscible when its interaction energy is negative. However, some ternary blends that have negative interaction energy, i.e., the negative value of Gibbs free energy of mixing, are immiscible because these blends do not satisfy stability condition of equation (10) . According to the volume fluctuation thermodynamics, 15, 18 it is known that the addition of component, accompanied by the asymmetry in the binary interactions, results in destabilization of blend.
Summary
The phase behavior of DMPC-TMPC/SAN binary blends and DMPC/TMPC/SAN ternary blends having the same chemical compositions and components has been explored theoretically and experimentally. The DMPC-TMPC 40/SAN binary blends formed miscible blends with SAN copolymers containing less than 10 wt% AN, while the ternary blends having the same chemical compositions did not form a miscible blend with SAN copolymers. Binary blends of DMPC-TMPC 26/SAN and DMPC-TMPC 17/SAN and the corresponding ternary blends were miscible when SAN copolymers contain limit amounts of AN. The miscible region of ternary blends was much narrower than that of binary blends. In addition, the phase-separation temperatures of miscible ternary blends are always lower than those of the corresponding binary blends. To explain the difference in the phase diagram of binary blends and ternary blends, phase stability conditions based on the volume fluctuation thermodynamics was explored with interaction energies of binary pairs obtained here. In the blends containing TMPC, DMPC, and SAN, even though the interaction energy of ternary blend is always more favorable for miscibility than that of binary blend, the additional degree of freedom, i.e., increase of the number of component, results in destabilization of blend. 
